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This work presents the first comprehensive study of the wall painting in the “St. George” church 
accomplished mainly by means of Fourier Transform Infrared Spectroscopy using Diffuse Reflectance 
and Micro-Infrared method (FTIR/DRS/Micro-IR) and the other analytical techniques Optical 
microscopy (OM), X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD) and Inductively Coupled 
Plasma – Mass Spectrometry (ICP-MS). The main research objective was characterization of the artistic 
palette and painting technique, but also determination of the degradation products and observed 
alterations to the wall painting. Additionally, the lime mortars (plaster and renders) located immediately 
behind the studied wall painting were analyzed. The analysis demonstrated that mainly natural/mineral 
pigments were used in the artwork and the majority of painting was executed in combination of fresco 
and lime-painting technique. The major risk factor in the painting deterioration was found to be the salt 
efflorescence, which mostly occurred as oxalates and sulfates.  
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ИСПИТУВАЊЕ НА ЅИДНОТО СЛИКАРСТВО И ВАРОВИТЕ МАЛТЕРИ  
ОД XIV ВЕК ВО ЦРКВАТА „СВ. ЃОРЃИ‟ ВО СТАРО НАГОРИЧАНЕ,  
РЕПУБЛИКА МАКЕДОНИЈА 
 
Овој труд претставува прво опсежно испитување на ѕидното сликарство во црквата „Св. 
Ѓорѓи“ со помош на Фуриеова трансформна инфрацрвена спектроскопија (FTIR) користејќи 
дифузна рефлексиона (DRS) и микро-инфрацрвена спектроскопија (Micro-IR), како и со примена 
на оптичка микроскопија (ОМ), рендгенска флуоресценција (XRF), рендгенска дифракција (XRD) 
и масена спектрометрија со индуктивно спрегната плазма (ICP-MS). Главна цел на испитувањата 
беше карактеризација на уметничката палета и сликарската техника, но и одредување на 
настанатите промени и деградациони продукти на ѕидното сликарство. Во овој труд е претставена 
и анализата на варовите малтери коишто се употребени во сликарската подлога и во носечката 
конструкција на ѕидното сликарство. Аналитичките резултати посочија дека во ѕидното 
сликарство се употребени земјени/минерални пигменти применувајќи комбинација на фреско и 
варова техника на сликање. Главен причинител на деструкцијата на сликарството е солната 
ефлоресценција која главно е образувана од оксалатни и сулфатни соли.  
 
Клучни зборови: ѕидно сликарство; пигменти; врзива; деградациони продукти; варови малтери 
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1. INTRODUCTION 
 
The "St. George" church (1313–1318 year) in 
the village of Staro Nagoricino close to Kumanovo 
in the Republic of Macedonia is one of the most 
valuable Byzantine monuments, representing an 
impressive architecture and artistic mastery attribut-
ed to the prominent medieval iconographers Mihajlo 
Astrapa and Evtihij [1]. The study reported in this 
paper was an integral part of the interdisciplinary 
project which was designed for conservation and 
revitalization of the entire Monastery complex [2].  
The literature review revealed few reports as-
sociated with the "St. George" church, which were 
mainly devoted to the history, iconography and the 
architectural features of this monument [1]. The first 
research works on this monument followed by ar-
chitectural interventions date back to the thirties of 
the last century [1, 3]. The available documentation 
[3] reveals that three conservation projects were 
conducted in the period 1960–1997. Certain preser-
vation interventions have been implemented, such 
as cleaning of the pictorial surface and consolidating 
the damaged area. However, there is a lack of rele-
vant information about the consolidative materials 
used. Moreover, the wall paintings in this church 
have never been the subject of analytical study. 
Hence, this paper represents the first compre-
hensive study of the wall painting in "St. George" 
church, primarily devoted to the identification of 
pigments and binders, allowing characterization of 
the original artistic palette and the used painting 
technique. Furthermore, the determination of the 
degradation products and alterations observed on 
the wall painting was in the scope of this research. 
This work also comprises the examination of the 
lime mortars established in the multi-layered walls 
that revealed the structure of the painting carrier. 
Many publications demonstrate an extensive 
range of complementary analytical techniques and 
methods required in heritage artworks research [4–
6]. The need of a multi method approach in the 
wall painting analysis is primarily due to variabil-
ity in the constitutive materials (organic and inor-
ganic) that can be encountered in the artwork.  
The analysis reported in this paper was ac-
complished by means of Optical microscopy (OM), 
Fourier Transform Infrared Spectroscopy using Dif-
fuse Reflectance and Micro-Infrared method (FTIR/ 
DRS/Micro-IR), X-Ray Fluorescence (XRF), X-
Ray Powder Diffraction (XRD) and Inductively 
Coupled Plasma–Mass Spectrometry (ICP-MS). 
The FTIR analyses demonstrated prominent 
achievements in the determination of inorganic and 
organic substances in a single micro-sample. The 
determination of organic materials in the wall 
painting is a challenging task because its amount is 
much smaller than inorganic content associated 
with the pigments, salts, lime plaster and fillers. 
Consequently, the obtained IR spectra are most 
often complicated since overlapping and distorted 
bands occur. In this study, the resolution of the 
absorption spectra was improved by the use of de-
rivative spectroscopy allowing a determination of 
the overlapped or hidden bands. The second deriv-
atives of the original spectra were calculated using 
Savitzky-Golay method provided by the 
IRSolution 1.5 software (Shimadzu Corporation).  
The identification of the pigments used was 
achieved with the complementary techniques XRF 
and XRD, showing that mainly natural/mineral 
pigments were used in this painting. The chemical 
analysis of the mortars carried out by use of XRD 
and ICP-MS determined different mix proportions 
(binder/aggregate ratio).  
The analytical findings encouraged the his-
torical and artistic interpretation of the iconogra-
phy and were found to be applicable in the imme-
diate interventions on the painting in terms of 
cleaning the pictorial sequences, consolidation and 
preparation of restoration materials analogous to 
the original ones.  
 
 
2. EXPERIMENTAL SECTION 
 
2.1. Instrumentation 
 
Optical microscopy. Micro-samples were 
embedded in polyester resin (Dugapol H-230 P) 
according the procedure [7] in order to prepare 
cross sections allowing stratigraphic examination 
and the study of subsequent layers. The hardened 
resin matrix was polished using a rotating disc 
covered by SiC grinding papers (Struers) with grits 
in the range 500–2400. Cross-sectioned micro-
samples were examined in reflected light and UV 
light with magnifications of 50×, 100× and 200× 
using Axioplan 2 microscope (Zeiss) equipped 
with a high resolution digital camera.  
Infrared spectroscopy. The analyses were 
accomplished by using an IRPrestige 21 spectro-
photometer (Shimadzu, Japan), capable of Diffuse 
Reflectance Spectroscopy (DRS) and Micro-infra-
red analysis (Micro-IR). The DRS analysis was 
performed by using a DRS-8000 attachment (Shi-
madzu). The powdered samples were first mixed 
with KBr producing 2% mixtures and then placed 
into a sample cup (2 mm diameter; 1 mm depth) 
which is a component of the DRS equipment. The 
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spectra were recorded in the spectral range 400–
4000 cm
–1
 at a resolution of 2 cm
–1
 with 62 scans.  
The micro-infrared spectra were acquired on 
70×70 µm2 of the pictorial surface of the fragments 
with a size of about 1 mm. The paint fragments 
were first placed in a micro-compression cell 
(Thermo Scientific) equipped with two IR–
transparent diamond windows which allow sample 
sandwiching under moderate compression. Then, 
the diamond cell was placed on an IR microscope 
(AIM-8800, Shimadzu) and spectra were recorded 
in the 4000–600 cm−1 region with 162 scans and 2 
cm
−1 
resolution in reflection mode using a 
Cassegrain reflecting objective (15×).  
X-ray fluorescence. The XRF Spectro Midex 
spectrometer equipped with Molybdenum X-ray tube 
and SDD detector system was used. The source was 
operated at 38 kV, 5.9 mA and acquisition time of 
120 s. The instrumental setup allowed the determina-
tion of elements with an atomic number (Z) greater 
than 13. The spectra were collected either from pow-
dered samples or paint fragments. 
X-ray diffraction. The measurements were 
performed using an XRD-6100 Diffractometer 
(Shimadzu) with X-ray Cu (1.54060 Ǻ) radiation 
operating at 40 kV and 30 mA. The powdered 
samples were scanned over the 5–80° range with 
step size of 0.02° and scanning speed of 1.2°/min.  
Inductively coupled plasma-mass spec-
trometry. The measurements were performed by 
an Agilent 7500 ICP-MS. The instrument was 
tuned for standard robust plasma conditions and 
the ORS was operated in helium mode only. The 
instrumental operating conditions were RF power: 
1550 W; sample depth: 8.5 mm; carrier gas: 0.80 
l/min; make up gas: 0.23 l/min; energy discrimi-
nation: 2V and reaction gas: He 5.0 ml/min. 
 
2.2. Sampling 
 
The wall painting analyses included about 
50 samples which were collected from different 
areas: Narthex – western wall (Fig. 1a); Nave –
southern wall (Fig. 1b), Northern wall and painting 
on the pillars located in the nave interior and Ico-
nostasis painting depicted on the stone wall that 
separates the nave from the sanctuary (Fig. 1c). 
Table 1 summarizes the representative samples and 
a description of the sampling positions.  
 
 
T a b l e  1  
 
Description of the representative samples and applied analytical techniques 
 
Part of the 
church Sampling position Sample/color Analytical technique 
Narthex 
Western wall, 2nd zone, scene: Assumption of Virgin Mary 
Saint’s garment N1/blue OM, IR 
Saint’s halo N2/yellow OM, IR, XRF, XRD 
Border of the scene N4/red OM, IR, XRF 
Background of  the scene N5/green OM, IR, XRF, XRD 
Nave 
Northern wall 
1st zone, background, scene: St. Mercury N29/green OM,IR, XRF 
2nd zone, background, scene: Torture of  St. George N11/blue OM, IR, XRF, XRD 
Southern wall 
1st zone, background, scene: St. Nestor N27/green  OM, IR, XRF 
2nd zone, scene: Torture of St. George, blue tunic. N26/blue OM, IR, XRF, XRD 
North-eastern pillar, Saint’s garment N25/green OM, IR, XRF, XRD 
South-eastern pillar, glossy film N15/dest. IR 
South-eastern pillar, hard glossy droplets N16/dest IR 
Iconostasis 
Northern side, scene: St George 
Saint’s halo, bold area Ik1/yellow OM, IR, XRF 
Saint’s halo, out of the bold area Ik2/yellow   OM, IR, XRF,XRD 
Background of the scene Ik6/blue OM, IR, XRF 
Shield Ik7/green OM, IR, XRF, XRD 
Border of the scene Ik10/red OM, IR, XRF 
Southern side, scene: Holy Mother 
Mantle of Holy Mother Ik11/violet OM, IR, XRF, XRD 
Destroyed part of  the left border Ik12/red OM, IR, XRF 
Whitish efflorescence Ik13/dep IR 
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Fig. 1. The sampling areas. (a) Narthex – western wall – 1stzone: "An assembly of Saints"; 2nd zone: "Assumption of Virgin Mary";  
(b) Nave – southern wall – 1stzone: "St. Dimitry" and "St. Nestor"; 2nd zone: "Torture of St. George";  
(c) Iconostasis painting – "St. George" (left) and "Holy Mother with child Jesus" (right) (1a, b – reproduced with permission [2]) 
 
 
 
Representative material of various observed 
colors was taken by means of two micro-destruc-
tive ways: (1) collecting of powdered samples us-
ing a scalpel and (2) removing small painted frag-
ments from damage observed on the paintings. 
These fragments were embedded in polyester resin 
following the procedure [7] and then subjected to 
OM examination.  
The mortar sampling strategy will be ex-
plained in the section referring to Mortar analysis. 
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3. RESULTS AND DISCUSSION 
 
3.1. Microscopic examination of the paint samples 
 
The microscopic examination was used to 
establish the micro-stratigraphy, but also for gen-
eral information about the raw materials and paint-
ing techniques. 
Figure 2 exhibits six representative micro-
scopic images of cross-sectioned samples from the 
painting in the nave, narthex and iconostasis. The 
general information obtained through the micro-
scopic observation could be summarized as follows: 
– The pigment bearing layers were applied on 
a white plaster (Fig. 2, layer - 1). Some micro-
images demonstrate two overlaying plasters: fine 
ground (intonaco) located immediately below the 
paint and lower rough underlying plaster (arriccio). 
– The pictorial sequence contains one or two 
overlaying paint layers (Fig. 2, layer - 2, 3) with 
variable thickness ranging from 25 to 50 µm. 
– The pigment grains are united with white 
particles ascribed to calcium carbonate whose 
presence was confirmed by FTIR, XRF and XRD. 
– In some samples well defined boundary 
between the plaster and the first paint layer can be 
observed (Fig. 2a-c, marked with dotted line). In 
other cases, the samples demonstrate penetration of 
the pigment grains into the plaster forming an un-
defined boundary between the layers (Fig. 2d,e, 
marked with dotted line). 
– Preliminary drawings represented by a 
very thin yellow layer at the base of the first paint 
were observed in a representative number of sam-
ples (Fig. 2f). 
– Most of the samples did not show evident 
fluorescence under UV illumination suggesting the 
absence of organic binders in the pictorial sequence. 
The UV fluorescence was observed only in a few 
samples from the iconostasis painting (Fig. 3).  
Regarding the painting technique, two char-
acteristic features of the cross-sectioned samples 
were considered as relevant indicators of the used 
techniques, which are: the nature of the binding 
medium and the paint adherence to plaster [8–11].  
The absence of organic binding medium (in-
dicated by the lack of UV fluorescence) implies 
that the secco technique was not applied in the 
studied painting [11–13]. On other hand, the pres-
ence of calcium carbonate in the paint layers im-
plies the use of some types of fresco techniques 
such as buon fresco (true fresco) which refers to 
painting on wet plaster with water-mixed pigments 
and the lime-painting technique, elsewhere also 
defined as mezzo-fresco, ascribed to painting on 
dry or almost dry plaster using pigments mixed 
with slaked lime [9, 11–13]. 
 
 
 
 
 
Fig. 2. Microscopic images of cross-sectioned samples (original magnification 200×): (a) N27/green; (b) N4/red; (c) N1/blue);  
(d) N29/green; (e) Ik7/green; (f) IK6/dark blue (arrows point to preliminary yellow drawing). 1–plaster; 2, 3– paint layers.  
Dotted lines refer to the boundary formed between the paint and plaster. 
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The discrimination of these two techniques 
is a debatable point since both techniques are rep-
resented by lime binding medium; the corre-
sponding micro-stratigraphic images exhibit very 
similar features.  
The clear boundary observed between the 
plaster and paint layer (Fig. 2 a–c) indicates paint-
ing on dry plaster (lime technique or mezzo-fresco) 
[9–11]. On other hand, the penetration of the pig-
ment grains into the plaster, as is shown in Figure 
2d and e, could be ascribed to the thorough car-
bonation process [8, 9] which is typical for a paint-
ing on wet plaster (buon fresco) [8–11]. Moreover, 
the thin yellow layer located immediately below 
the superficial layer (Fig. 2f) refers to preliminary 
drawing, which is a characteristic feature in fresco 
painting [11–13]. 
The microscopic findings supported the hy-
pothesis represented by the conservators and art 
historians, indicating the use of both lime-based 
techniques. The macroscopic examination was 
based on the visual observation of the texture of 
the painting surface as well as the brushstrokes 
effects [2]. The assumption of a fresco technique 
was justified considering the existence of giornates 
and drawing incisions in certain areas which are 
characteristic features of a painting on wet plaster 
[11, 12]. 
As previously mentioned, some samples col-
lected from the iconostasis painting exhibited yel-
low-greenish fluorescence under UV light, indicat-
ing the presence of organic binders in the paint 
layer. Such behavior was demonstrated in the sam-
ples collected from the bold area of the Saint halo 
(Tab. 1, Ik1/yellow) and from certain positions of 
the red bordure (Tab. 1, IK12/red), as shown in 
Figure 3. 
 
 
 
 
Fig. 3. Microscopic images of the cross-sectioned IK12/red sample collected from the iconostasis painting:  
(a) reflected light and (b) under UV light. 1 – plaster; 2 – paint layer. Marked area refers to UV fluorescence. 
 
 
3.2. Analysis of the painting ground and paint layers  
 
3.2.1. Infrared spectroscopy 
 
According to the analytical procedure ap-
plied in this study, infrared spectroscopy was used 
as a first diagnostic technique in obtaining general 
information about the substances present in the 
studied painting. The results obtained from FTIR 
analysis were improved by the XRF and XRD re-
sults, especially in the identification of the inorgan-
ic compounds (plaster, pigments and salts). 
The powdered samples of each observed 
paint and painting ground (plaster underneath the 
paint) were first subjected to FTIR-DRS analysis. 
In addition, the salt efflorescence which appeared 
either as a white thin veil or clusters of crystals on 
the surface of the wall painting was mainly ana-
lyzed by the use of infrared spectroscopy. Figure 4 
shows representative DRS spectra of the ground 
(Fig. 4a) and paint layers (Fig. 4b–d) as well as 
spectra of the salt efflorescence (Fig. 4e, f) formed 
on the northern wall painting (Fig. 4, inserted im-
age). The spectra inspection led to following as-
sessments: 
– The ground layer (Fig. 4a) is mainly com-
posed of calcium carbonate (CaCO3), recognized 
by the three active infrared fundamental modes 
which appeared at 1455, 877 and 713 cm
–1 
and the 
weak bands at 1795 and 2510 cm
–1 
due to mode 
combinations [14–16]. 
– Calcium carbonate is found in all pigment 
bearing layers (Fig 4b-d) suggesting that the pig-
ments are embedded in lime binding matrix. 
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Fig. 4. Infrared spectra: (a) painting ground (intonaco) underneath the paint; (b) blue paint (N1/blue); (c) green paint (N5/green)  
and (d) yellow paint (N2/yellow); (e, f) salt efflorescence. Ox-oxalates, Gyp- sulfates in form of gypsum.  
Image: Scene of the northern wall painting threatened by salt efflorescence. 
 
 
– All paint layers demonstrate the presence 
of salt efflorescence. The oxalate salts can be evi-
denced by the bands at about 1325 and 780 cm
–1
 
[15–17]. The presence of sulfates in the form of 
gypsum (3545, 3404, 1620, 1147–1120; 671 and 
603 cm
–1
) can be observed in the yellow sample 
(Fig. 4d) [14–17]. The dominant band at 1640–
1620 cm
–1 
associated with HOH bending vibrations 
in the water molecules indicates a high degree of 
salt hydration (Fig. 4 b-d) [17]. The salt deposits 
(Fig. 4e, f) were found to be composed of one type 
of salt such as the clusters of nitrates (Fig. 4e and 
inserted image) identified by the bands at 2393, 
1760, 1382 and 825 cm
–1
 or mixtures of different 
salts, as displayed in Figure 4f (mixture of sulfates, 
nitrates and oxalates) [14]. 
– The presence of azurite (Cu3(CO3)2(OH)2) 
is strongly suggested in the blue paint (Fig.4b) 
considering the hydroxyl stretching vibration at 
3426 cm
–1
 and the intense bands at 1505 and 1420 
cm
–1 
due to the asymmetric stretching modes of the 
carbonate group and 839 cm
–1
 ascribed to the 
bending mode [16, 18].  
– In the green sample (Fig. 4c), the narrow 
bands at 3580, 3557 and 3526 cm
–1
 characteristic 
of OH stretching modes along with the bands in 
the region 1100–980 cm–1 assignable to Si-O 
stretching are indicative of earth green pigments 
such as celadonite and glauconite [16, 19].  
– The IR spectrum of the sample collected 
from the yellow paint (Fig. 4d), besides the evident 
presence of gypsum, shows that this paint is en-
riched with clay materials. This assignment could 
be explained by the strong absorption band at 1035 
cm
–1
, the lower intense band at 910 cm
–1
 and the 
weak bands at 520–472 cm–1 region, tentatively 
attributed to kaolinite [16]. The presence of clay 
materials suggests that natural/earth yellow pig-
ment was employed in this paint, such as the so 
called yellow ochre.  
– As previously mentioned, the nature of the 
binding medium is important for characterization 
of the painting technique. The analysis of the wall 
painting in the "St. George" church was accom-
plished by means of OM and FTIR-DRS, as well 
as the subsequently employed analytical tech-
niques (XRD and XRF), which indicated the pres-
ence of a lime-based binder favoring either the 
fresco or lime painting technique. The infrared 
analysis using FTIR-DRS method did not reveal 
significant absorption features assignable to the 
organic binders except in same samples from the 
iconostasis painting (see section 3.3). 
 
3.2.2. XRF analysis 
 
The elemental analysis of the paint layers by 
means of XRF measurements allowed more accu-
rate identification of pigments. The representative 
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XRF spectra displayed in Fig. 5 exhibit the prima-
ry elements associated with the used pigment. Un-
surprisingly, all spectra express a fraction of calci-
um which is mainly derived from the calcium car-
bonate binding matrix, but also from the Ca-salts 
(Ca-sulfate and Ca-oxalate).The iron detected in 
the red and yellow paints (Fig. 5a, b) implies the 
presence of iron oxide (Fe2O3) and iron oxide hy-
droxide (FeOOH)-based pigments, such as hematite 
and goethite, which are principal constituents in red 
and yellow ochre, respectively [20]. These pigments 
were found to be used as pure colorants but also in 
mixtures for obtaining particular paint hues. 
It should be noted that the red and yellow 
paints (Tab. 1, Ik12/red and Ik1/yellow) collected 
from the iconostasis painting are enriched with 
mercury (Fig. 5c) and arsenic referring to cinnabar 
(HgS) and arsenic sulfides (Fig. 5d), which could 
be pigments like orpiment (As2S3) or realgar 
(As2S2) [20]. Moreover, the Mantle of Holy Moth-
er (Fig. 1c) is decorated with a wonderful violet 
color produced by mixing of hematite and azurite 
(Cu3(CO3)2(OH)2) (Fig. 5e) which was found to be 
uniquely executed in this painting. The determina-
tion of iron (Fig. 5f) in the green sample corrobo-
rates the FTIR indications referring to a presence 
of green earth pigment (syn. terra verde, celadon 
green) which is a ferromagnesian silicate-based 
mineral [20]. 
 
 
 
 
Fig. 5. Representative XRF spectra: (a) N4/red; (b) N2/yellow; (c) Ik12/red; (d) Ik1/yellow; (e) Ik11/violet; (f) N29/green 
 
 
Regarding the identification of the black paint, 
Figure 6 shows the analytical results of the black un-
derlying paint located below the superficial green 
layer in the sample N5-green. The detection of phos-
phorus by XRF analysis (Fig. 6a) and phosphate 
group determined by the bands at 1080, 1040, 960 
and doublet at 605–565 cm–1 in the IR spectrum (Fig. 
6b) suggested the presence of apatite-based minerals 
(Ca-phosphates group) [16, 20–22]. According to the 
relevant literature [20, 23–25], the inorganic compo-
nent hydroxyapatite (Hap) (Ca5(PO4)3(OH)) or car-
bonate-Hap (Ca5(PO4,CO3)3(OH)) is commonly 
present in the carbon-based black pigments of an-
imal origin. Hence, the detection of phosphorous 
and phosphate group was accepted as a reasonable 
indicator of the presence of bone or ivory black 
pigments. In addition, the presence of calcium 
(Fig. 6a), which is mainly derived from the Ca-
carbonate matrix, in this case could also be at-
tributed to the presence of the carbonate-HAp [24]. 
The presence of Fe in the black underlying paint in 
the sample N5-green (Fig. 6a) could be ascribed to 
the traces of the superficial layer containing green 
earth pigment, but also to the presence of black 
iron oxide, considering the high count number of 
Fe in the XRF spectrum. 
Moreover, when the black sample was heat-
ed using a low Bunsen flame after it was placed on 
the platinum plate, the black color tends to disap-
pear, indicating the presence of carbon (coal, soot) 
[4, 26]. 
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Fig. 6. Spectra of the black underlying paint located below the superficial green in the sample N5/green.  
(a) XRF spectrum and (b) IR spectrum and its second derivative profile (inverted curve).  
Car–calcium carbonate; ox–oxalate salts. 
 
 
3.2.3. XRD analysis 
 
Few representative samples associated to the 
yellow, blue and green paint were subjected to 
XRD analysis (Fig. 7). Mineral identification was 
achieved by detecting a series of peaks with char-
acteristic d values and by using the ICDD database 
(PDF-2 Release 2011). 
Summarizing the results from the diffraction 
pattern analysis (Tab. 2) the following statements 
could be noted: 
 
 
  
– All pigment bearing layers (green, blue 
and yellow) contain calcite which derives from the 
lime binding matrix in the paint. 
– The artistic palette is composed of mineral 
pigments: goethite, hematite, azurite and two spe-
cies of earth green pigments which are celadonite 
and glauconite. The detection of carbonated 
hydroxy-apatite supported the XRF and FTIR re-
sults, indicating the presence of black pigment of 
animal origin (bone or ivory black).  
– The majority of salt efflorescence is com-
posed of gypsum and weddellite, with a fraction of 
halite being determined in some samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. XRD patterns of representative green, blue and yellow. 
Cal – calcite (PDF: 5-0586); Cel – ferroceladonite (PDF: 50-
1580); Gla – glauconite (PDF: 3-191); Azur – azurite (PDF: 2-
0153); Goe – goethite (card: 3-0249); Hem – hematite (PDF: 33-
0664); HAp – carbonate hydroxyl-apatite (PDF: 1-75-3728 ); 
Gyp – gypsum (PDF: 36-0432); Wed – weddelite (PDF: 4-
0702); Hal – halite (PDF: 2-0818).
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Summary of results obtained by XRD analysis 
 
Representative 
samples 
Binder Pigments Salt efflorescence 
Cal Cel Gla Azur Hem Goe HAp Gyp Wed Hal 
N5/green + +     + + +  
N25/green + + +  +    +  
N11/glue +   +   + + +  
N2/yellow +     +  + + + 
 
 
3.3. Analysis of the painting deterioration 
 
In terms of the conservation-restoration re-
quirements different phenomena were examined: 
salt efflorescence occurred over the entire wall 
painting, a glossy thin film and hard glossy drop-
lets mostly appeared on the pillar’s painting and 
the various alterations observed on the iconostasis 
painting.  
The most important risk factor in painting 
decay was found to be the salt efflorescence. The 
process of salt growth is believed to be related to 
the increased moisture content in the wall and the 
microclimatic variations [2]. The analysis per-
formed by FTIR (Fig. 4) and XRD (Fig. 7, Tab. 2) 
demonstrated that salt efflorescence mainly ap-
pears in the form of sulfates and oxalates, but also 
as nitrates and chlorides. The cycle of crystalliza-
tion, dissolution and re-crystallization of the water 
soluble salts have caused a lack of cohesion in the 
pigment-bearing layers, crumbling, flaking and 
losing paint. 
The presence of glossy film and hard glossy 
droplets on the pillar’s painting surface (nearby the 
sanctuary) was found to be uncommon in compari-
son to the majority of the wall painting (Fig. 8, 
inserted image). The micro-IR analysis (Fig. 8a) of 
the glossy droplets indicated presence of lipidic 
matter such as wax considering the absorptions at 
2919–2848 cm–1 (C-H ); 1734 cm–1 (ester C=O); 
1468, 1379 cm
–1
 (C-H) and 1173 cm
–1
 (C-O-C). 
The spectrum of the material scraped from the 
glossy surface (Fig. 8b) shows strong absorptions 
associated with the inorganic substances which 
cover the lower intense bands attributable to the 
organic matter. However, the separation of the 
multiple bands observed in the second derivative 
profile of the original spectrum revealed spectral 
features comparable with the previous spectrum 
assigned to wax (Fig. 8a). 
 
 
 
 
Fig. 8. Micro-IR spectra of samples collected from the pillar’s painting.  
(a) hard glossy droplets; (b) glossy film and its second derivative profile in the 1800–900 cm–1 region (inverted curve). 
 
 
Moreover, the visual in situ observation of 
the studied glossy film in terms of physical proper-
ties, softness and solubility in chloroform corrobo-
rate the IR indications of the presence of waxy ma-
terial. It is known that the wax has been traditional-
ly employed for the superficial treatment of the 
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paintings in order to protect and consolidate the 
paint layers [12, 13]. However, in this case, we 
assume that the presence of the waxy film is a re-
sult of the long-term exposure of the painting to 
the condensation of candle smoke and over time 
has also penetrated into the painting layers. 
The most obvious alterations were observed 
on the iconostasis painting: (1) red bordure of the 
scenes, where two different red paints exist (Fig. 
9); (2) bold area that covers about 15×20 cm of the 
pictorial surface which seems to be deliberately 
left during previous interventions (Fig. 10); (3) 
whitish tiny lumps appeared on the pictorial surface 
(Fig. 11) and (4) blackening on the painting. 
Macro- and microscopic observations of the 
red bordure of the scenes revealed the existence of 
two different red paints (deep and light red). Most 
of the bordure is painted with the deep red, which 
according to the XRF and FTIR results is com-
posed of hematite and calcite. In some parts of the 
bordure, there is a light red paint containing cinna-
bar, which was identified by the XRF analysis 
(Fig. 5), and an organic binder suggested by the 
OM (Fig. 3) and FTIR-DRS analysis. The corre-
sponding samples were subjected to further exami-
nation by the use of micro-IR. The micro-IR analy-
sis of the light red is represented by the sample 
Ik12/red (Fig. 9). The resolution improvement and 
separation of the overlapping bands in the absorp-
tion spectrum was achieved by the use of deriva-
tive spectroscopy [21]. 
The resolution enhancement provided by the 
second derivative manipulation of the original 
spectrum (Fig. 9) demonstrates distinct bands in 
the region characteristic for carbonyl stretching 
vibrations. The band at 1740 cm
–1
 attributable to 
ester carbonyl bonds together with the band at 
1175 cm
–1
 and the lower intensity bands at 1260 
and 1110 cm
–1
 (ester triplet) associated with C-O 
stretches are indicative of the presence of drying 
oil [17, 27–30].The broadening and shifting of the 
ester carbonyl band to lower frequency could be 
related to other carbonyl products (acids, ketones, 
aldehydes, lactones, anhydrides or conjugated car-
bonyl groups) formed by the aging process [17, 
27–30]. A detailed overview of the changes in the 
infrared spectra associated with the oil aging and 
the influence of the pigments on the aging mecha-
nism is reported by Weerd et al. [27]. 
 
 
 
 
Fig. 9. Micro-IR spectrum of red paint (Ik12/red) and its second derivative profile (inverted curve).  
The image presents the sampling region. 
 
 
Thus, the formation of carboxylic acids as 
products of hydrolysis of the triglycerides could be 
assumed through the resolved band at 1715 cm
–1
, 
which appears as a shoulder in the original spec-
trum. In addition, the appearance of an intense ab-
sorption band at 3450 cm
–1
 is indicative of the 
formation of alcohol and/or hydroperoxide, both of 
which are products of oxidation and polymeriza-
tion during the aging process of oils [27, 28]. 
The presence of oil-based red paint in the 
bordures of both scenes in the iconostasis painting 
is indicative of some posterior retouches. In other 
words, the overall analysis of the wall painting did 
not give any indication of the presence of oil or 
some other organic binder, except in this region of 
the iconostasis painting. This finding led to an as-
sumption that this performance is an act of restora-
tion work rather than an original painting.  
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Figure 10 shows the spectrum of the sample 
(IK1/yellow) collected from the bold superficial 
layer. The prominent absorption peaks at 3250 and 
1645 cm
–1 
ascribed to OH vibrations and the strong 
absorption in the 1100–1030 cm–1 region, which is 
typical for C-O stretching vibrations within poly-
saccharides [17, 31–35], suggest the presence of 
some plant gums such as Arabic gum (Fig. 10b) or 
cellulose derivatives. An explanation of the poly-
saccharide content in the studied painting is not 
straightforward since there are many possibilities 
for its origin. One of the possible explanations is 
the use of saccharide-based products as a coating 
layer in order to protect the painting. 
However, according to the XRF analysis 
(Fig. 5d), the bold yellow contains an As-based 
pigment which is absent in the other part of the 
Saint’s halo (Fig. 10, inserted image). This finding 
also contributes to the hypothesis of possible inter-
vention or an act of restoration. 
The inspection of the spectrum associated 
with the whitish tiny lumps on the iconostasis 
painting (Fig. 11) suggested the existence of car-
boxylate salts, such as lactates. This can be ex-
plained by the strong absorption at 1590 cm
–1
, 
which is indicative of the symmetric stretching 
vibration of COO
–
 groups [28, 29] and the spec-
trum matching with the reference spectra of Ca-
lactate and Fe-lactate, as displayed in Figure 11. 
 
 
 
 
Fig. 10. (a) Representative micro-IR spectrum of the material collected from the bold superficial layer;  
and (b) Reference spectrum of Arabic gum. The image presents the sampling region. 
 
 
 
 
Fig. 11. (a) Micro-IR spectrum of the whitish efflorescence formed in the iconostasis painting;  
(b) Reference spectrum of Ca-lactate; (c) Reference spectrum of Fe-lactate. 
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It was assumed that the formation of carbox-
ylates of simple organic acids such as the lactates 
was caused by the application of liquid soaps used 
as cleaning agents during the previous conserva-
tion treatments of the pictorial surface [3]. It is 
well known that oleate-based soaps are frequently 
used cleaning agents in conservation practice. 
Therefore, the soaps which remained in the pictori-
al surface due to incomplete rinsing have most 
likely been degraded and interact with the metals 
contained in the pigments. The strong absorption 
observed at 1700 cm
–1
suggests the presence of oth-
er carbonyl compounds formed during degradation. 
The infrared analysis of the material collected 
from the blackened areas observed on the iconosta-
sis painting (see Fig. 1c, lower parts of the scene, 
and Figure 9, inserted image) did not provide satis-
factory information and therefore there is a need for 
further investigation by the use of other analytical 
methods. In addition, the in situ cleaning tests using 
different organic solvents also failed to give satis-
factory results. So far, we can only say that the 
black appearance is most probably a result of high 
thermal influence (candle flame or fire) which has 
caused extreme alterations of the painting materials 
and possibly a loss of the original painting in the 
affected regions.  
 
3.4. Mortar analysis 
 
The mortar analysis was required in order to 
enable the preparation of compatible conservation 
mortars with similar chemical compositions and 
physical-mechanical properties to the original 
building material. The samples were extracted 
from different depths of the multi-coated external 
walls in order to obtain representative material of 
each subsequent layer. Schematic representation of 
the distinct layers recognized in the external walls 
is displayed in Figure 12 and short descriptions of 
the studied mortars are outlined in Table 3. 
 
 
 
 
Fig. 12. Schematic representation of the distinct layers 
recognized in the external walls. PG – painting ground, PM – 
plastering mortar, MM – masonry mortar, JM – joint mortar.
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Short description of the mortar samples 
 
                      Subsequent layers Abbr. Description 
Inner 
mortars 
Painting ground (intonaco) PG Thin and fine finishing layer on which the painting 
was drawn 
Plastering mortar PM Rough plaster containing chopped straw, located 
under the final ground 
External 
mortars 
Masonry mortar MM Coarse rendering mortar connected with the inner 
plaster 
Joint mortar JM Facade finishing mortar used for the joints between 
the stone blocks  
 
 
3.4.1. XRD analysis of the mortars 
 
Figure 13 displays diffractograms of repre-
sentative samples of the mortars PG, PM, MM and 
JM. The XRD results indicated the presence of 
calcite in all of the studied mortars. All samples 
except PG demonstrate greater or lower amounts 
of siliceous aggregates composed of quartz fol-
lowed by feldspar (albite, anorthite), clay minerals 
with a pronounced amount of montmorillonite-
beidellite series and clinochlore as an accessory 
mineral. The painting ground is essentially com-
posed of calcite (Fig. 13, PG). The plaster marked 
as PM underneath the painting ground is composed 
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mostly of calcite and siliceous aggregate (Fig. 13, 
PM), but also a large amount of chopped straw that 
was determined by macro- and microscopic obser-
vations. However, the XRD patterns of the studied 
samples (PM, MM and JM) indicated that different 
mix proportions in terms of binder/aggregate (B:A) 
ratios were used in mortar production. 
 
 
 
 
Fig. 13. XRD patterns of representative samples of the inner 
plasters (PG and PM) and the external mortars (MM and JM). 
Cal – calcite (ICDD PDF 2-629); Q – quartz (ICDD PDF 2-
471); F – Na-Feldspar (ICDD PDF 1-70-3752; 41-1481); M – 
montmorillonite (ICDD PDF 60-321); B – beidellite (ICDD 
PDF 58-2021); C – clinoclore (ICDD PDF 2-111). 
 
 
3.4.2. Chemical analysis and determination  
of the binder/aggregate ratio 
 
The initial binder/aggregate ratio (B:A) is one 
of the most important attributes of the mortars. 
Therefore, a very important step in the analytical pro-
cedure is the mortar disintegration and separation of 
the constituents. The relevant literature [36–40] re-
ports various hydrochloric acid-based treatments for 
binder/aggregate separation differing in the experi-
mental conditions in terms of acid concentration, du-
ration of the acid attack as well as temperature. In this 
study, the binder/aggregate separation was achieved 
by acid attack with dilute HCl (1:4 v/v, 37 % HCl in 
water) and digestion in a boiling water bath for 30 
minutes. This wet separation method was considered 
appropriate since the aggregates of the studied mor-
tars have a mainly siliceous nature without evident 
calcareous content, such as marble or limestone, 
which is susceptible to acid dissolution. The acidic 
soluble fraction (SF) that is comparable with the 
binder content of the mortar was subjected to ICP-
MS quantitative measurements. The acid insoluble 
residue (IR) was assumed to represent the total ag-
gregate content (A) in the mortar [38, 39].  
All mortar samples were also subjected to 
thermal treatment using laboratory ovens in order to 
determine the loss on ignition at 1000
o
C (LI) related 
to the CO2 released due to calcinations of the car-
bonates [37, 38, 40]. Table 4 summarizes the results 
obtained by the entire analysis and Figure 14 repre-
sents the concentration of the trace elements. 
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The summary of results obtained from the chemical analysis of the mortar samples.  
The percentages (w/w %) relate to original dry mortar. 
 
Mortar layer 
 
LI 
(%) 
Acid soluble fraction (SF) 
(%) 
Insloluble 
residue (IR) 
(%) CaO MgO Al2O3 Fe2O3 Na2O K2O 
PM 29.40 35.80 0.70 0.42 0.03 0.09 0.07 32.70 
MM 13.50 16.10 0.40 1.29 0.23 0.14 0.14 67.77 
JM 18.20 22.50 0.50 1.22 0.26 0.11 0.10 56.50 
 
 
 
 
Fig. 14. Concentrations of the trace elements in the studied mortars. 
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The results of the complete chemical analy-
sis accomplished by ICP-MC corroborate the XRD 
results revealing high calcium and low magnesium 
content establishing the use of calcitic lime. The 
considerable amounts of Al2O3 and Fe2O3 indicated 
the hydraulic property of the mortars. The trace 
element concentrations showed comparable pro-
portions in all of the studied samples, revealing 
that the raw materials originated from the same 
geological quarry.  
The estimation of the initial mix ratio (Table 
5) was achieved using the equation presented be-
low. This equation for calculating the initial weight 
percentages of raw materials is comparable with 
those reported in the relevant literature [38, 39]. 
 
          
          
      
      
             
 
The initial lime binder (B0) represents the 
fraction of hydrated lime (%Ca(OH)2) in the initial 
mortar mixtures. This was calculated taking into 
account the CaO determined in the acid soluble 
fraction. The fraction of aggregate (A) in the initial 
mixtures was obtained by subtracting of B0 from 
the total content (100%), assuming that total con-
tent is a sum of hydrated lime and aggregate. 
In Table 5, the carbonated binder (Bcarb) rep-
resents % CaCO3 in the dry mortar which was cal-
culated by CO2 determined as LI (Table 4).  
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The approximate weight percentages of the 
carbonated lime (Bcarb) in dry mortars and the 
initial constituents, hydrated lime (B0) and 
aggregate (A), followed by B:A ratio 
 
Mortar 
layer 
%Bcarb %B0 %A B : A 
PM 66.8 59.1 40.9 1 : 0.7  
MM 30. 7 23.9 76.1 1 : 3.2  
JM 41.4 34.5 65.5 1 : 1.9  
 
 
3.4.3. Grain size distribution of dry mortars 
 
The grain size analysis was performed by 
means of sieving the carefully crushed samples 
through a system of different sieves and weighing 
each separated fraction [41]. 
The size grading curves and weight percent-
age of the individual fraction retained on the sieves 
are displayed in Figure 15. 
 
 
Fig. 15. Size grading curves and weight percentages  
of the individual fractions showed with bars 
 
 
The granulometric analysis of the masonry 
mortar (MM) shows that about 45% of the total mass 
results from grains with a size larger than 2 mm, in-
dicating the presence of gravel [42]. The sieve analy-
sis of the joint mortar (JM) revealed that the most 
abundant fractions (about 70% of total weight) are 
composed of grains with a size that generally ranges 
from 0.125 to 1 mm. About 12% are grains with sizes 
larger than 2 mm and about 18% are fine grained 
sand (grain size smaller than 0.125 mm). 
The results obtained contributed to the prep-
aration of conservation mortars with granulometric 
features similar to the original mortars. 
 
 
4. CONCLUSION 
 
The wall painting in the "St. George" church 
in Staro Nagoričane was examined in order to 
characterize the materials and techniques used by 
the artists, but also to reveal the presence of other 
materials due to posterior interventions and degra-
dation process. The use of complementary tech-
niques allowed the micro-stratigraphy, the artistic 
palette (pigments) and binders that represent the 
painting technique used to be established (Tab. 6). 
The unambiguous identification of the inor-
ganic substances was achieved by the use of XRF 
and XRD analysis. The combined use of different 
techniques, OM, FTIR, XRF and XRD allowed 
unequivocal determination of the lime-based bind-
er favoring the fresco and mezzo-fresco (lime-
painting). The achievement of the infrared spectro-
scopic techniques, DRS and micro-FTIR, was 
demonstrated in the determination of various com-
pounds (inorganic and organic) encountered in the 
micro-samples, without the need for specific sam-
ple preparation. The use of derivative spectroscopy 
was found to be unavoidable in the determination 
of the organic compounds in order to minimize the 
interference of the strong IR signals associated to 
the abundant inorganic compounds (lime, pigments 
and salt efflorescence).  
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Summary of the analytical results 
 
Analyzed area / Anal. 
Techn. 
Analytical findings 
in the wall painting: 
Nave, Narthex and Iconostasis 
Additional findings 
in the iconostasis painting 
Stratigraphy / OM Painting ground (intonaco) overlayed with one or 
two paint layers. 
Some samples exhibit UV 
fluorescence 
Pigments /  
DRS, XRF, XRD 
Hematite, goethite, azurite, green earths 
(celadonite, glauconite), lime white and bone or 
ivory black  
Cinnabar and orpiment  
Painting technique / 
DRS, XRF, XRD 
Binder: Ca-carbonate, combination of fresco and 
mezzo-fresco 
Oil based red paint  
Painting alteration / 
DRS, micro-IR,XRF, 
XRD 
Salt efflorescence: oxalates, sulfates, nitrates, 
chlorides.  
Other: waxy film derived from the candles smoke 
Presence of polysaccharide based 
materials (not specified) and carbonyl 
compounds (lactates, acids etc.).  
 
 
The overall analysis revealed that certain ar-
eas of the iconostasis painting, recognizable by the 
naked eye, contain materials which are not present 
in other parts of the painting (Tab. 6). Based on 
these findings, it is reasonable to assume that some 
posterior interventions (retouches, coatings) or res-
toration works have been executed on the iconosta-
sis painting.  
The long-term exposure of the painting to 
variable ambient conditions has induced the occur-
rence of salt efflorescence, deposits of waxy mate-
rial derived from candle smoke and products re-
sulting from the presence of materials susceptible 
to degradation process like denaturalization, hy-
drolysis and similar reactions. 
Regarding the mortar analyses, the presence 
of different lime-based mortars was found in the 
multi-coated walls of the church. This indication 
was obtained considering the chemical composi-
tion of the mortars, mix ratio of the raw materials 
(B:A) and granulometric composition.  
We believe that this study gave considerable 
information about the materials used in the unique 
wall painting in "St. Gorge" church in Staro 
Nagoričane. Moreover, the results of the analyses 
were found to be crucial in developing appropriate 
conservation-restoration strategies devoted to safe-
guarding this monument. 
The analytical findings could contribute to 
future studies on the Byzantine iconography devel-
oped in the region of Macedonia and iconographic 
works attributed to the prominent painters Mihajlo 
Astrapa and Evtihij.  
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